The control of men gene expression during growth and sporulation of Bacillus subtilis was examined at the transcriptional level. Two different approaches were used. (i) Steady-state levels of men-specific mRNA were measured directly. (ii) A men'-lacZ gene fusion was constructed. In both cases, it was observed that men promoter activity was maximal at the onset of sporulation and declined soon thereafter. These kinetics were similar to the pattern of menaquinone accumulation previously observed. Expression from the men promoter was independent of the presence of the products of the spoOA and spoOH genes and was enhanced by addition of glucose and glutamine to the culture medium. DNA sequence analysis of the promoter region revealed a potential recognition site for the principal vegetative form of RNA polymerase but not for any of the known minor polymerase forms. The (Fig. 1) . A men'-lacZ transcriptional gene fusion was created by cloning this fragment into the integrable lacZ fusion vector pDEB1 (31). The structure of this plasmid, pAI103, is shown in Fig. 2 . Strains containing chromosomally integrated single copies of pAI103 were generated by transformation of appropriate recipients and selection for chloramphenicol resistance.
During the process of sporulation, Bacillus subtilis cells undergo several dramatic changes involving metabolism and gene expression. The latter changes are characterized by a modification of the transcriptional machinery, with concomitant activation of a large class of sporulation-specific (spo) genes, apparently in a controlled temporal fashion (20) . This program of gene expression is largely dependent on the expression of a subset of early sporulation genes encoded by the spoO loci.
Metabolic alterations that coincide with the onset of sporulation include derepression of tricarboxylic acid (TCA) cycle enzymes, as well as changes in the composition of the electron transport chain (3, 7, 10, 14) . Presumably, these changes reflect a need to maintain adequate energy supplies in the absence of a rapidly metabolizable carbon source and constitute a condition necessary for sporulation. It is reasonable to suppose that common control elements regulate these switches in the patterns of metabolism and gene expression. However, little is known about the mechanisms which control either TCA or electron transport gene expression. In probably the best studied of these functions, it has been shown that modulations in aconitase activity, the product of the citB gene, are largely the result of transcriptional control (5, 27) .
Previously, we described the cloning of the genes that encode the enzymes involved in the biosynthesis of menaquinone (MK; vitamin K2), an essential component of the B. subtilis electron transport chain (25) . Cellular levels of this small lipophilic molecule increase steadily as cells approach sporulation, reaching maximal levels shortly after To (the onset of sporulation) and falling off thereafter (8) . The requirement of this compound for sporulation was demonstrated by using a conditional mutant that can be rendered partially MK deficient. Such a situation severely compro-mises sporulation while leaving vegetative growth and respiration unaffected (7) .
To examine the involvement of transcriptional mechanisms in controlling MK accumulation, we used cloned men sequences as hybridization probes to study the levels of men mRNA in vegetative and sporulating cells. In addition, a men'-lacZ transcriptional gene fusion was constructed to facilitate these analyses. Quantitation of men transcripts and f-galactosidase assays indicated that, at the onset of sporulation, transcription from the men locus increases in a manner analogous to accumulation of MK. Studies with the men'-lacZ fusion in a spoOA or spoOH background indicated that these early sporulation loci do not control men (25) . This plasmid contains a 650-base-pair (bp) HindIll fragment in which is located a promoter required for the expression of men genes ( Fig. 1) . A men'-lacZ transcriptional gene fusion was created by cloning this fragment into the integrable lacZ fusion vector pDEB1 (31) . The structure of this plasmid, pAI103, is shown in Fig. 2 . Strains containing chromosomally integrated single copies of pAI103 were generated by transformation of appropriate recipients and selection for chloramphenicol resistance. Culture media. The standard medium for cultivation of B. subtilis strains was LB (LB is 1% tryptone [Difco Laboratories, Detroit, Mich.], 0.5% yeast extract [Difco] , and 0.5% NaCI). Chloramphenicol, when needed, was added to 5 ,ug/ml. Sporulation was achieved by growing cells in the double-strength nutrient sporulation medium (2x NSM) of Schaeffer et al. (30) .
DNA manipulations and transformation. The methods used for restriction endonuclease digestions were those suggested by the supplier. DNA ligation reactions were performed as described by Struhl (33) . Chromosomal DNA was isolated from B. subtilis as described by Saunders et al. (29) . Smallscale plasmid isolation from Escherichia coli was performed as described by Birnboim and Doly (2); for large-scale preparations, a further purification by equilibrium centrifugation in CsCl gradients was performed. E. coli strains were transformed with plasmid DNA as described by Hanahan (13) , and B. subtilis transformations were as described by Piggot (Spores Newsl. 8:246-250).
Assay of ,l-galactosidase in men'-lacZ fusion-containing strains. Cells were harvested and frozen overnight at -70°C. Thawed cells were suspended in Z buffer, 0.1% toluene was added, and the emulsion was vortexed before being placed on ice for 10 min (35) . ,-Galactosidase activity was measured by the o-nitrophenylgalactoside procedure and expressed in Miller units (24) . Endogenous enzyme activities were 2 to 3 Miller units and did not show variation during the period of sampling.
RNA purification and analysis. For isolation of RNA, cultures of strain RB1 were grown in 2x NSM and 80-ml samples were removed at the desired times. The samples were chilled rapidly by swirling for 10 to 30 s in liquid nitrogen, the cells were pelleted by centrifugation, and the pellets were frozen in liquid nitrogen. Extraction of RNA was performed by a modification of a protocol of A. L. Sonenshein and C. Mathiopoulos (unpublished data). The cell pellets were thawed and converted to protoplasts at 40C. After pelleting, the protoplasts were lysed in 8.0 ml of LETS buffer (100 mM LiCl, 10 mM EDTA, 10 mM Tris hydrochloride [pH 7.4], 1% sodium dodecyl sulfate), and 10 ml of 4 M guanidinium isothiocyanate was added and mixed. After extraction with phenol-chloroform, LiCl was added to 0.2 M, and the nucleic acid was precipitated with 2.5 volumes of 95% ethanol at -20°C. The precipitate was collected by centrifugation and digested with RNase-free DNase (RQ1 DNase; Promega, Madison, Wis.). To map the 5' terminus of the men transcript, a DNA probe (indicated in the text) was labeled at its 5' end by the sequential action of calf intestinal alkaline phosphatase (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) and T4 polynucleotide kinase (Bethesda Research Laboratories, Gaithersburg, Md.), in conjunction with [_y-32PIATP (>3,000 Ci/mmol; New England Nuclear Corp., Boston, Mass.), as described by Arrand (1). The end-labeled probe was purified from the unincorporated label by three successive ethanol extractions. S1 mapping was performed with the double-stranded probe by the method of Favaloro et al. (9) . S1 nuclease-resistant products were analyzed by electrophoresis in a 6% polyacrylamide-8 M urea sequencing gel. In general, 50 pug of B. subtilis RNA and 50,000 cpm of probe were used for each analysis. time course experiments, equal amounts of RNA were added to each hybridization reaction, as normalized by A260 and visual examination of fluorescence intensity of 16S and 23S rRNA in ethidium bromide-stained agarose gels. The DNA sequencing ladder used to identify the precise mRNA start site was obtained by the dideoxy method (28) with a menspecific synthetic oligonucleotide whose 5' end corresponded exactly to the 5' end of the ClaI site labeled in these experiments. That is, the sequencing ladder and Si probe had identical 5' ends; see Kudo et al. (19) . The probe was determined to be in excess under these conditions (data not shown).
DNA sequencing. The nucleotide sequence of the promoter region of the men cluster was determined on both strands by the dideoxy chain termination method (28) . Two procedures were used. Procedure 1 was the double-stranded sequencing method of Chen and Seeburg (4) performed with a kit supplied by International Biotechnologies, Inc. Plasmid pAI46 (25) was used as a template for sequencing. Procedure 2 involved the use of the M13 single-stranded phage vectors M13mpl8 and mp19 (22) . In this case, the upstream HindIIIClaI fragment of pAI46 ( Fig. 1 ) was cloned into HindIIIAccI-digested M13 vectors, and single-stranded DNA was purified from these recombinant phages before sequencing.
RESULTS
Nucleotide sequence of the men promoter region. Previously, we described the cloning of the men gene cluster on a series of overlapping plasmids (25) . On the basis of plasmid integration and transcriptional orientation studies, it was concluded that sequences necessary for initiation of men gene transcription are located within a 650-bp Hindlll fragment, with the direction of transcription as shown in Fig. 1 . Since low-resolution S1 mapping experiments (data not shown) suggested that the initiation site for mRNA synthesis mapped within 75 bp of the upstream HindIII site shown in Fig. 1 , the DNA sequence was obtained starting from this HindIII site. The first 238 bp of this sequence are shown in Fig. 3 . A likely recognition site for the vegetative crA form of RNA polymerase was observed upstream from the mRNA start site identified at position 47 by S1 mapping (cf. Fig. 4 ). These recognition sequences exhibit four-of-six homology in the -35 region and a perfect six-of-six match in the -10 domain. Further downstream, sequences associated with the initiation of protein synthesis (26) were observed. A strong ribosome binding site, GGAGG, with a AG value of -14.4 kcal, was found at position 129, followed by an ATG codon The probe was the HindIII-ClaI fragment, labeled at the 5' end of the Clal site as indicated below the gel. Fifty thousand cpm of probe was hybridized to 50 ,ug of RNA isolated from B. subtilis cells at To in sporulation medium. S1 nuclease-resistant products were analyzed by electrophoresis through a 6% polyacrylamide-8 M urea sequencing gel. Lanes: 1, probe hybridized with B. subtilis To RNA and treated with Si nuclease; 2, probe hybridized with S. cerevisiae tRNA and treated with Si nuclease; 3, probe alone (untreated); A, C, G, and T, sequencing reactions run as single-base size markers with a men-specific synthetic oligonucleotide. The 5' end of the sequencing primer corresponds to the 5' end of the labeled Clal site in the probe. Thus, the sequencing ladder corresponds exactly to the Si probe in orientation and 5' end. The sequence of the noncoding strand in the region surrounding the protected 5' end of the men mRNA is shown. The arrow indicates the base at which men transcription begins. The band migrating more slowly than the protected fragment in lanes 1 and 2 corresponds to the full-length probe not completely digested with Si nuclease.
at position 142. Additionally, Magnusson and co-workers observed two regions of homology between the B. subtilis citG (fumarase) and sdh (succinate dehydrogenase) promoters (21) . One of these sequences is the undecamer TTCT-TATGAAA from the sdh promoter, which is conserved with 9-of-11 homology in the citG promoter (23) . This same sequence was found beginning at position 15 in the sequence shown in Fig. 3 , disturbed only by insertion of an AT doublet after the first C of the sdh motif. This sequence overlaps the proposed -35 region of the men promoter.
Identification of the 5' end of the men transcript. To determine precisely the 5' end(s) of men-specific transcripts within the sequence shown in Fig. 3 , a high-resolution Si nuclease protection experiment was performed. Strain RB1 was grown in nutrient sporulation medium, and at time To (the measured end of exponential growth) the cells were harvested and RNA was purified. This RNA was then hybridized to a HindIII-Clal probe end labeled at the Clal site as shown in Fig. 4 Fig. 4 ; cf. Fig. 1 ). Thus, it appears that the men transcript initiates within this region, confirming previous genetic and physical data (25) . Nuclease protection experiments with probes containing additional sequences downstream from the ClaI site indicate that this transcript extends past the PstI and HindIll sites shown in Fig. 1 and toward the men structural genes (data not shown).
Quantitation of men transcript levels during growth and sporulation. Cellular levels of menaquinone increase as cells commence the sporulation process, peaking shortly after To. These levels then diminish steadily as the culture continues through sporulation (8) . To determine whether this alteration in quinone concentration is the result of a transcriptional control process, men-specific mRNA levels were assessed at various stages of growth and development by using the Si mapping technique of the previous experiment. Briefly, RB1 cells were grown in 2x NSM, and at various times, samples were removed and the RNA was extracted. This RNA was then hybridized with the HindIII-ClaI probe used in the mRNA mapping experiment described above (Fig. 4) . Nuclease Si-resistant hybrids were analyzed on a sequencing gel as described before. The results show that the level of men-specific transcripts increases as the cells progress from exponential phase to To (Fig. 5, lanes 1 and 2) . After To, the transcript levels decrease as the cells progress through sporulation.
Analysis of men transcriptional patterns with a men'-lacZ fusion. To observe the patterns of men transcription more readily, the promoter region from the men cluster was fused to the structural gene for E. coli ,-galactosidase. To generate this construct, the 650-bp HindIII fragment containing the men promoter region (Fig. 1) was cloned into the HindIII site of the integrable lacZ fusion vector pDEB1 (31), generating the plasmid pAI103 (Fig. 2) . This plasmid does not replicate in B. subtilis but contains a chloramphenicol acetyltransferase gene that is active in gram-positive bacteria. Chloramphenicol-resistant transformants of B. subtilis were obtained by integration of pAI103 into the men region of the chromosome. As expected, all such integrants had Men' Spo+ phenotypes, indicating that the integration event did not disrupt the men cluster. Southern blot analysis was used to verify that a single copy of pAI103 had been integrated (data not shown). Initially, wild-type strains were used as recipients in integration experiments and the levels of 1B-galactosidase produced during growth and sporulation of these integrants were then measured. The levels of Pgalactosidase activity, and thus of men promoter activity, in these strains increase modestly in the To-to-T1 period and then steadily decrease after this time (Fig. 6) . We found that different men' spo+ strains gave slightly different men'-lacZ kinetics during exponential growth in sporulation medium. For example, strain RB896 (RBlfpAI103) had less 1-galactosidase activity at T-1 (data not shown) than did strain RB929 or RB1013 (Fig. 6) , although the kinetics in the post-TO period were very similar for all men' spo+ strains.
The pattern of 1-galactosidase expression by men'-lacZ fusion-containing strains followed the pattern of men mRNA accumulation shown in Fig. 5 Fig. 3 . Fifty thousand cpm of this probe was hybridized with 50 ,ug of each RNA sample, followed by digestion with nuclease Si (400 U/ml) and analysis of protected hybrids on a 6% sequencing gel. Lanes: 1, RNA from vegetative cells; 2, RNA from cells grown to To; 3, RNA from cells grown to T1; 4, RNA from cells grown to T2; 5, RNA from cells grown to T3; 6, RNA from cells grown to T4; 7, S. cerevisiae RNA; 8, probe alone (untreated); A, C, G, and T, sequencing reactions used as molecular weight markers as described in the legend to Fig. 4 . The band migrating more slowly than the protected fragment corresponds to the full-length probe not completely digested with Si nuclease (lanes 1 to 7). The numbers on the right indicate fragment size, in base pairs. tioned previously, the spoO genes represent a group of loci that are necessary for the switch from vegetative to sporulation-specific gene expression (20) . To determine whether the products of these early sporulation genes are necessary for the changes in men expression described above, spoOA and spoOH strains containing pAI103 were constructed. The 4(men'-lacZ) spoO strains were cultured in 2x NSM, and 13-galactosidase activity was measured during growth and sporulation. The result is shown in Fig. 6 , with men'-lacZ expression plotted as a function of hours before and after To.
The data (spoOA, Fig. 6A; spoOH, Fig. 6B) show that the pattern of men'-lacZ expression in these spoO strains was similar to that of their isogenic spo+ counterparts, indicating that the spoOA and spoOH gene products do not influence expression from this men promoter.
Response of men expression to altered nutritional conditions. The experiments with the spoO mutants just described suggest that the men promoter may not respond to developmental signals per se but instead to physiological conditions established during the growth phases of the culture. To examine this possibility, strain RB896 was grown in LB, a medium in which sporulation is largely repressed. Analysis of 1-galactosidase levels from this culture (Fig. 7) showed that the overall pattern of 1-galactosidase activity was very similar to that of sporulating cultures, i.e., a maximum in the To 5-to-T1 0 period, followed by a decline. In addition, a 24-h culture of the fusion-containing strain grown in LB produced fewer than 1% spores, whereas the same strain in sporulation medium resulted in greater than 90% spores, as determined by phase-contrast microscopy. Thus, the increase in men promoter activity appears to reflect the growth phase of the culture rather than the developmental situation. Since electron transport function is related to the TCA cycle in cellular metabolism, it was of interest to determine whether the activity of the men promoter could be modulated by nutritional variations in the way that the TCA cycle gene citB (encoding aconitase) has been shown to respond. The citB gene is repressed in a synergistic manner by glucose and glutamine (27) . To study this relationship', strain RB896 was grown in LB broth supplemented with 5% glucose and 0.2% glutamine, samples of cells were removed at various times during the growth and early stationary phases and analyzed for ,B-galactosidase activity. The result is shown in Fig. 7 . Although the maximal values for ,B-galactosidase activity at T05 were similar in supplemented and unsupplemented LB, the effect of glucose-glutamine supplementation was to prevent the decline in activity associated with growth in unsupplemented medium. On further analysis of this phenomenon, it was clear that glucose alone had a larger effect than did glutamine alone. We also observed that 0.5% glucose gav'e a response quantitatively similar to that produced by 5.0% glucose (data not shown). From these data we conclude that the men promoter is affected by 'metabolic signals' in a manner distinct from that of at least one TCA cycle gene, citB.
Changes in ,B-galactosidase activity during growth phase transitions or in different media could have resulted from altered stability of the enzyme. To test this possibility, strain RB896 was grown in LB or LB containing 5% glucose and 0.2% glutamine and treated with 100 ,ug of chloramphenicol per ml at To, T1, and T2. After addition of chloramphenicol, P-galactosidase activity was measured at 3-min intervals for 15 min. Rates of enzyme decay measured in this way were very similar for cultures grown in either medium (data not shown).
DISCUSSION
In the accompanying paper (25), we described the cloning of most of the B. subtilis sequences that encode the men gene cluster. Using integrable plasmids containing portions of these men sequences, we identified by genetic and physical criteria the approximate 5' boundary of the men transcriptional unit. If the positioning of this boundary is correct, an additional gene, previously undescribed for this locus, may lie between the men promoter and the first structural gene, menCD, mapped by plasmid rescue of mutations. This inference was made because we observed that an interval of approximately 1.6 kilobase pairs of DNA occurs between the 5' end of the transcription unit and the furthest upstream menCD allele (unpublished data). Here we present direct evidence for the presence of an initiation site for men mRNA synthesis. This transcriptional initiation site lies very close to the upstream HindIII site previously defined as being outside of the men transcriptional unit (25; Fig. 1 ). We believe that this mRNA molecule represents a primary men transcript for the following reasons. (i) As shown previously, integrant plasmids that contain sequences extending upstream as far as the PstI site (Fig. 1) generate transformants which exhibit partial men auxotrophy as compared with the fully Men' transformants generated by integrant plasmids whose upstream boundary is the 5' Hindlll site. (ii) The mRNA molecule identified in the Si mapping experiments presented here extends downstream from the PstI site ( Fig.  4; unpublished data) .
The kinetics of men-specific mRNA synthesis in cells grown in 2x NSM (Fig. 5) (27) . We did not observe repression of men but instead found that glucose-glutamine allowed expression to be maintained at about 75% of the maximal value up to at least T4 of the postexponential period, at a time when expression in unsupplemented medium had declined to less than 10%. Although we report here data obtained in nonsporulation medium (LB), similar results were obtained with sporulation medium (data not shown). We also found that decoyinine, which activates citB expression in the presence of glucose and glutamine (5) (6, 26) . This suggests that men expression is not subject to sporulation-specific control mechanisms. It is interesting that the spacing between the -10 and -35 sequences is only 16 bp, in contrast to the 17-bp spacing normally found in B. subtilis. This reduced spacing also exists for the argC promoter (32) and may explain the weak activity of both of these promoters in spite of good homology to consensus sequences in the -10 region. The low activity of the men promoter may also be due to lack of an invariant G in the -35 region. Of the gram-positive promoters analyzed by Graves and Rabinowitz (11), 72% have a G at this position; furthermore, replacement of this G in E. coli promoters is associated with promoter down mutations (16) . In Fig. 3 , signals for -the initiation of translation are located downstream from the promoter region. These signals include a strong ribosomebinding site, as well as an appropriately spaced ATG codon for the start of protein synthesis (12) . The assignments are strengthened by our recent construction of a men'-IacZ protein fusion; activation of P-galactosidase was observed in E. coli and B. subtilis when the first 32 codons of the promoter-proximal gene were fused to codon 8 of lacZ, which implies that this ATG (+95) is functionally active in vivo (Hill et al., in preparation) .
In their analysis of the sdhA promoter region, Magnusson et al. (21) observed two short sequences which also have been found in a highly conserved form in the citG promoter (25) . One of these sequences, TTCTTATGAAA, is also found as a nearly perfect element in the men promoter. This undecamer, which starts at position 15 of the sequence shown in Fig. 3 , is identical to the sdhA copy, except for insertion-of an AT doublet after the first C residue in the men version. Interestingly, this sequence element overlaps the proposed -35 sequence of the men promoter. Recently, we have discovered a similar sequence in the promoter region of ctaA, a controlling gene for cytochrome aa3 oxidase in B. subtilis (J. Mueller and H. Taber, manuscript in preparation). In the ctaA example, the sequence occurs with 8-of-11 homology in the AT-rich region upstream from the -35 sequence. This sequence, which is common to the sdhA, citG, ctaA, and men promoters, may represent a binding site for a regulatory factor. Indeed, if one examines the last nine nucleotides of the men sequence element, TTTCTGAAA, symmetry is observed around a central T residue. Such sequences have been associated with the binding of dimeric regulatory molecules, for example, the GCN4 protein of Saccharomyces cerevisiae (17 and references therein). Sitedirected mutagenesis of this region should reveal any significance of this element. Sporulation probably requires a high level of metabolic proficiency, including the ability to synthesize MK at a level higher than that needed for growth. The metabolic status of the cell is an important part of the signaling mechanism that activates the developmental sequence. The effects of nutritional supplementation on men expression suggest a unique responsiveness to metabolic conditions by comparison with the citB gene. Sequence analysis of the men promoter, however, suggests possible common regulatory elements with-the sdhA, citG, and ctaA genes, to which it is related metabolically. We may expect to find that the men gene cluster possesses control circuits characteristic of not only catabolic but also biosynthetic genes, which are now becoming the subject of close scrutiny in B. subtilis (34) .
